We report the formation of Au/Co nanoparticles and their characterization by aberration (C s ) corrected scanning transmission electron microscopy (STEM). The nanoparticles were synthesized by inert gas condensation, forming initially core-shell and bimetallic crystals. However, after thermal treatment at normal atmospheric conditions, the Co nanoparticles changed their morphology into a fine layer forming a perfect interface with the gold. The ordering of the zone rich in Co presents a fcc arrangement matching the gold lattice. The atomic analysis on the interface and the comparison of the STEM images with numerical simulations corroborated the atomic substitution of gold by cobalt.
Introduction
Metal nanoparticles composed by two or more metals have unique optical, electrical and catalytic properties. [1] [2] [3] [4] Moreover, in the field of heterogeneous catalysis, bimetallic nanoparticles constitute a promising type of catalyst as properties of the material can be related with the elements forming the nanoparticles. 5 The integration of two or more metals into the same particle is therefore highly desirable as these materials can accomplish more than one function at the time. A good example of this effect would be that of magnetic metals such as Co, alloyed with non-magnetic materials that introduce catalytic or optical effects into the final product. Thus, it has been found that catalytic and magnetic properties can be combined and tuned in Co/Pt systems, 6 and optical properties can be exploited in Au/Co nanoparticles. 7 Moreover, the observation of giant magnetoresistance in systems built from magnetic and non-magnetic solids has renewed the interest devoted to these materials. 8 Unfortunately, the analysis at atomistic level of small bimetallic nanoparticles has remained a challenge during the past years, since high resolution electron microscopy was limited by aberrations produced by the lenses inside the column. With the development of aberration corrected transmission electron microscopes, atomic resolution can be achieved on scanning transmission mode (STEM) and, therefore, smaller dimensions that could not be resolved by conventional electron microscopy techniques can now be directly imaged. 9, 10 By combining this mode with a high angle annular dark field (HAADF) detector, where the contrast on the image roughly depends on Z n (where n has a value close to 2), it is possible to locate elements on the materials based only on their difference in atomic weight.
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This direct interpretation is of particular interest in the catalysis field, as bimetallic nanoparticles are used in several reactions such as CO oxidation, hydrogenation of hydrocarbons, and synthesis of vinyl acetate, among others. 4, [13] [14] [15] Nowadays, probes smaller than 1 A can be achieved, single atoms can be imaged, and the structure and shape of small nanoparticles of just a few nanometers can be identified.
Among the different methods for producing bimetallic nanoparticles, those based on chemical procedures are the most commonly used, 16, 17 with the particles produced by these methods commonly having core shell structure 18, 19 and icosahedral or cuboctahedral geometries; however, the particles may also form truncated octahedra or decahedra. Physical methods usually allow better control of the size and shape of the particles, which make them the best choice when these properties are critical for a specific application. In the present work the production of Au and Co nanoparticles has been achieved using a sputtering system, where the particles are nucleated in the presence of a coolant inert gas. 20 The resulting nanoparticles were analyzed by means of aberration corrected scanning transmission electron microscopy, using HAADF and bright field (BF) detectors, and the chemical composition was confirmed by EDX analysis. In addition, one of the microgrids supporting the particles was heated at normal atmospheric conditions, in order to study the effect of the heating process in the distribution and chemical composition of both metals.
Experimental
Bimetallic Au/Co nanoparticles were produced with a sputtering system Nanogen 50 from Mantis Deposition Ltd.
21 using what is known as the Inert Gas Condensation method (IGC). 22, 23 In the IGC process, a supersaturated vapor of metal atoms is generated by sputtering a metal target in an inert gas atmosphere of Ar and He. The Nanogen 50 system was kept at low temperature by a coolant mixture, and before the deposition of the nanoparticles the system pressure was set at 1 Â 10 À9 Torr. The production rate and size of the nanoparticles were controlled through the variation of the gas flow, the partial pressure, the magnetron power, and the condensation zone length. These parameters were optimized to produce particles of 5.0 nm in size. The nanoparticles were deposited directly onto holey carbon copper microgrids.
One of the microgrids was heated in a furnace up to 275 C for 12 h using a ramp rate of 2 C/min. After the thermal treatment, the sample was cooled to room temperature by taking the grid out of the furnace.
The materials obtained were characterized in a JEOL JEM-ARM200F electron microscope. STEM images were simultaneously recorded in both HAADF and BF modes with the microscope operating at 200 kV. The probe correction was performed through a dodecapole corrector (CEOS GmbH) aligned through the CESCOR software, to finally obtain a twelve-fold ronchigram with a flat area of 50 mrad. The HAADF images were obtained setting the annular detector lower and higher scattering semi-angles to 68 to 280 mrad respectively, easily satisfying the requirement for the detector to eliminate contributions from unscattered or low-angle scattered electrons. The pixel spacing was calibrated using Si 110 lattice images in HAADF mode, and confirmed by using gold standard particles. Images were commonly recorded for 10 to 16 s.
Results and discussion
The particle size, before any thermal treatment, was found to be around 5 nm, but with frequent agglomeration into larger crystals due to the high deposition times. Fig. 1a displays an aberration (C s ) corrected HAADF image of the as-synthesized product composed of gold (bright regions) and cobalt nanoparticles (dark regions) presenting in most of the cases five fold symmetry (icosahedra or decahedra). Fig. 1b presents two nonagglomerated nanoparticles; the particle at the top of the image is a Co icosahedron of approximately 3 nm observed along the [110] orientation, with a d-spacing in the last layer of {111} planes of 0.231 nm. At the bottom of the image, the brighter Au particle is a decahedron of 4.5 nm, orientated along the [110] direction, with d {111} ¼ 0.255 nm. A preliminary inspection showed that these two geometries were dominant in the whole of the sample.
Due to the small size and the facility of cobalt to be oxidized it is expected that for the case of cobalt crystals or cobalt rich zones the material was partially or totally oxidized into cobalt oxide.
When the agglomeration of two particles happened it usually occurred in one of two possible ways: the first and the most commonly observed was when two particles coalescence through one of the faces (as shown in Fig. 2a) forming a bimetallic nanoparticle with one side rich in Au and the other rich in Co; the second way is through the rearrangement of the particles into a core-shell structure (as in Fig. 2c) , where the core of the particle is made of gold and the cobalt oxide partially or totally covers the surface. The intensity profile shown in Fig. 2b , corresponding to the region marked in Fig. 2a , shows how different are the intensities due to the two metals.
After the preliminary observation of the structures, the same microgrid was heated for 12 h at 275 C and finally was quenched to room temperature by taking it out from the furnace. The grid, which was in a good condition after the process, was re-observed under the microscope. The STEM images of the sample at low magnification revealed that the gold nanoparticles seemed to remain without significant changes after the process. In contrast, the Co nanoparticles had completely changed their morphology, with a thin layer of material spread over the grid. This layer, which originally was thought to be either amorphous Co or impurities from the heating process, was indeed an ordered crystal structure, as can be noted in Fig. 3b .
The high-resolution analysis performed on this sample revealed some unexpected features about the way the metals were linked to each other. Fig. 4 displays a gold decahedral nanoparticle after the thermal treatment, showing the raw STEM intensity signal. The FFT diffractogram, shown inset in the figure, proves the high degree of crystallinity of the material and its five-fold symmetry, as the particle is lying on its zone axis perpendicular to the electron beam. Because of its orientation, it is possible to confirm that the particle is formed by 5 domains with different size, intersected by twin planes, which in each case present a structure free of defects. Three of the corners resemble the shape of a Marks decahedron, while an extra {100} facet can be also identified on another corner.
Gold atomic vacancies can be also identified in different parts of the crystal. Fig. 5a shows an enlarged area of the particle shown in Fig. 4 , where Co atoms fill the Au vacancies (right side of the tetrahedron identified with a triangle in the figure). At the bottom part of the particle four atomic columns made of gold atoms have vacancies between them (Fig. 5b) , and all these vacancies are filled with less bright columns, which are attributed to Co. The vacancies as well as the last layer of Au atoms are perfectly alloyed with the Co regions. The areas rich in cobalt retained the same symmetry as gold (along the [110] orientation) and also the same distance in the adjacent layer, just at the interface (Fig. 5c) . However, the interatomic distances measured for cobalt are not in agreement with the Co at bulk, but they are closer to those expected in cobalt oxide CoO. 24 This good agreement is apparent in Fig. 5b , where we have superimposed a ball-and-stick model of a fragment of the lattice of CoO. The composition was confirmed by EDX analysis: Fig. 6 shows the compositional maps of Au (Fig. 6b) , Co (Fig. 6c), O (Fig. 6d) , performed on 4 nm Au nanoparticles (Fig. 6a) . The oxygen signal appears to be spread along the sample, but, due to the oxygen is a relatively light element and therefore more difficult to be detected by EDX analysis, it is not uncommon that the O maps are more diffused than those obtained for heavy atoms. From the figure it can be noted that the O map intensity signal is higher in the areas where the cobalt is present, and that these areas are located on the surroundings of the Au-rich regions, which confirms that the CoO is indeed surrounding the Au nanoparticles.
In HAADF-STEM micrographs, the intensity signal depends on the atomic number Z of the element present in the atomic column parallel to the electron beam. It is then expected that the cobalt columns generate a less intense signal than those made of Au, both because of the difference in Z, and because the difference in the height of the atomic columns. We performed a HAADF-STEM simulation of atomic columns of Au and Co to calculate these differences in intensity. The HAADF-STEM simulations were performed using the multislice method, as implemented on the STEM Image Simulation module of the xHREM suite by HREM Research Inc. 25 The simulation results for columns with less than 7 atoms in thickness are shown in Fig. 7 . Here, we can note that when a Co atomic column is 5 to 7 atoms thick, it will be represented in the micrograph with an intensity that is only 15 to 20% of the value of an Au column containing the same numbers of atoms. For columns larger than 7 atoms, the relation between intensity and thickness is not always monotonic, but for the sizes, shapes, and chemical distributions of the particles studied here, the assumption that at the Au-Co interface the columns are around 7 atoms thick is justified.
Based on the comparison presented in Fig. 7 , we prepared a rough model of the particle of Fig. 4 and 5, in order to investigate the Au-CoO interface. The model, shown in Fig. 8b , consists of a decahedral gold particle, surrounded by several layers of CoO that match the structure of gold, following the main trends of the intensity profile shown in false colors in Fig. 8a . The model does not intend to represent the real shape of the particle-the shape of the particle of Fig. 4 is obviously not a perfect decahedron-but to propose an adequate description of the interface between the two metals. We centered our attention on the region marked with a white square in Fig. 8 (roughly the same shown in Fig. 5c ), where the CoO atomic layers are well defined. The HAADF-STEM simulation of this region, along with its comparison with the real micrograph, is shown in Fig. 9 . From the comparison between the intensity profiles Fig. 9a and 9b , marked in the real and simulated micrographs by straight lines, we can infer that the Co layers indeed arrange themselves following the fcc structure of Au.
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The oxidation of Co and the lack of reaction of Au with oxygen can be explained in terms of the free energy change (DG f ) accompanying the formation of an oxide. While most metals show a negative free energy of oxide formation and react with oxygen, Au has a positive DG f ¼ +10.5 kcal/O atom at 227 C), and therefore metallic Au 0 is stable when exposed to air. The case of cobalt is different due that the DG f for CoO formation is À95 kcal/O at 275 C, 29 confirming, from thermodynamics basis, that the oxide formation is highly stable.
Concerning the substrate effect during the annealing process, we believe that the substrate surface does not influence considerably the stability of the nanoparticles. This is supported by theoretical calculations reported for several metallic nanoparticles onto carbon-based surfaces. For instance, the adsorption energy of Au with graphite surfaces is 0.096 eV, 30 considerably smaller than the 3.9 eV of the Au-Au interaction.
Clearly, the thermal treatment in the presence of oxygen had a strong influence on the Co nanoparticles morphology, as significant changes have been found before and after the reaction. According to our results, Au nanoparticles seem to be more temperature stable compared with the same size cobalt oxide crystals. After heating, as a result of the presence of oxygen and temperature the cobalt oxidized forming an interface which was more easily identified. For the case of gold, some atoms are either released or relocated from their original sites at the surface of the particles, leaving some vacancies filled by Co atoms.
Another aspect worth mentioning is the asymmetry observed in the decahedron presented in Fig. 4 . It is well known that these kinds of five-fold symmetry particles are not equilibrium crystals and different methods for releasing that tension and making them stable have been discussed. 31 In this experiment after the heating process this decahedron is expected to be more stable than the original material and such stabilization might be provided by a larger size of one of the tetrahedra conforming the material and the formation of an extra face.
Conclusions
In summary, 5 nm Au/CoO nanoparticles have been synthesized by a gas condensation technique. The material, which was analyzed using aberration corrected STEM, seemed to originally form core-shell and bimetallic nanoparticles. After heating, it was found that the structures of Au were more stable than those of CoO, which diffused along the microgrid forming a very fine layer. In the vicinity of the gold regions, the cobalt oxide lattice is a pseudomorph of the Au fcc lattice. This effect allows us to observe at atomic detail and for the very first time the interface of both metals. 
